The mir-34/449 family consists of six homologous miRNAs at three genomic loci. Redundancy of miR-34/449 miRNAs and their dominant expression in multiciliated epithelia suggest a functional significance in ciliogenesis. Here we report that mice deficient for all miR-34/449 miRNAs exhibited postnatal mortality, infertility and strong respiratory dysfunction caused by defective mucociliary clearance. In both mouse and Xenopus, miR-34/449-deficient multiciliated cells (MCCs) exhibited a significant decrease in cilia length and number, due to defective basal body maturation and apical docking. The effect of miR-34/449 on ciliogenesis was mediated, at least in part, by post-transcriptional repression of Cp110, a centriolar protein suppressing cilia assembly. Consistent with this, cp110 knockdown in miR-34/449-deficient MCCs restored ciliogenesis by rescuing basal body maturation and docking. Altogether, our findings elucidate conserved cellular and molecular mechanisms through which miR-34/449 regulate motile ciliogenesis.
The mir-34/449 family consists of six homologous miRNAs at three genomic loci. Redundancy of miR-34/449 miRNAs and their dominant expression in multiciliated epithelia suggest a functional significance in ciliogenesis. Here we report that mice deficient for all miR-34/449 miRNAs exhibited postnatal mortality, infertility and strong respiratory dysfunction caused by defective mucociliary clearance. In both mouse and Xenopus, miR-34/449-deficient multiciliated cells (MCCs) exhibited a significant decrease in cilia length and number, due to defective basal body maturation and apical docking. The effect of miR-34/449 on ciliogenesis was mediated, at least in part, by post-transcriptional repression of Cp110, a centriolar protein suppressing cilia assembly. Consistent with this, cp110 knockdown in miR-34/449-deficient MCCs restored ciliogenesis by rescuing basal body maturation and docking. Altogether, our findings elucidate conserved cellular and molecular mechanisms through which miR-34/449 regulate motile ciliogenesis.
MicroRNAs (miRNAs) encode a class of small, non-coding RNAs that regulate gene expression through post-transcriptional repression [1] [2] [3] [4] . Although the initial discovery of miRNAs was made through classic forward genetics in worm development 5, 6 , loss-of-function studies on most individual miRNAs yield no overt developmental defects in multiple organisms, suggesting strong functional redundancy among homologous miRNAs 7, 8 . Redundant miRNAs can be generated from multiple genomic loci or transcribed from a single polycistronic precursor. Collectively, these redundant miRNAs could constitute the majority of expressed miRNAs in specific cell types 9, 10 . Such extensive homology and dominant cell-type specific expression of a single miRNA family could confer a robust functional readout that can only be revealed by complete removal of redundant miRNAs. mir-34/449 miRNAs constitute a conserved family in vertebrates [11] [12] [13] , comprising three genomic loci, mir-34a, mir-34b/34c and mir-449c/449b/ 449a (mir-449), which encode six homologous miRNAs (miR-34a, 34b, 34c, 449a, 449b and 449c) 14, 15 (Fig. 1a and Extended Data Fig. 1a ). Sequence homology among miR-34/449 miRNAs, particularly at the seed region, predicts robust functional redundancy. miR-34/449 miRNAs are highly enriched in mucociliary epithelia that contain motile cilia 10 , which beat coordinately to generate fluid movement 16, 17 . Structural and functional defects in motile cilia are associated with a human syndrome, primary cilia dyskinesia (PCD) 16, 17 . Here we demonstrate that miR-34/449-deficient mice developed PCD-like respiratory and fertility phenotypes. Consistently, miR-34/449 deficiency in mice and frogs disrupts ciliogenesis in mucociliary epithelia, causing reduced cilia length and number due to impaired basal body maturation and apical docking. This is, at least in part, mediated by direct miR-34/449 repression of Cp110, a centriolar protein suppressing cilia assembly 18, 19 . These findings reveal conserved cellular and molecular mechanisms underlying the functions of miR-34/449 in MCC ciliogenesis.
PCD-like phenotype in mir-34/449 TKO mice
To characterize mir-34/449 functions, we generated triple knockout (TKO) mice deficient for all mir-34/449 loci (mir-34a, mir-34b/34c and mir-449) 20 (Extended Data Fig. 1b, c) . Although mir-449 resides in intron 2 of cdc20b 21 , mir-449 deletion in mice does not negatively affect cdc20b expression (data not shown). TKO mice were born at a Mendelian ratio with normal body weight ( Fig. 1b and Extended Data Fig. 1d ); yet exhibited frequent postnatal mortality with only ,40% surviving to adulthood ( Fig. 1b ). TKO mice also exhibited growth attenuation with ,50% lower body weight than littermate-controlled double knockout (DKO) mice (mir-34a 2/2 ; mir-34b/34c 2/2 or miR-34a 2/2 ; mir-449 2/2 , Fig. 1c and Extended Data Fig. 1d ).
Surviving TKO mice showed severe respiratory distress characterized by frequent coughing and sneezing (Extended Data Fig. 1e and Supplementary Video 1). Dying and surviving TKO mice displayed respiratory dysfunction, with excessive mucus accumulation in the paranasal cavities and increased susceptibility to respiratory infections ( Fig. 1d and Extended Data Fig. 1f ). Littermate-controlled mir-34a 2/2 ; mir-34b/ 34c 2/2 or mir-34a 2/2 ; mir-449 2/2 DKO mice phenotypically resembled wild-type mice, without obvious developmental or respiratory defects ( Fig. 1d and Extended Data Fig. 1f , g).
Unlike phenotypically normal DKO controls (mir-34a 2/2 ; mir-449 2/2 or mir-34a 2/2 ; mir-34b/34c 2/2 ), surviving TKO males and females were infertile, generating no pregnancies when mated with wild-type animals. TKO males exhibited defective spermatogenesis during differentiation from elongating spermatids to spermatozoa ( Fig. 1e and Extended Data Fig. 2a, b ), when flagella formation occurs 17 . TKO females exhibited a decrease in epithelial ciliation of the fallopian tube, presumably causing defects in oocyte transport 17 ( Fig. 1e and Extended Data Fig. 2a, c) . Altogether, the TKO mouse phenotype resembled symptoms of a subset of PCD patients, exhibiting predominant respiratory and fertility defects without hydrocephaly or left-right asymmetry defects 22, 23 (Extended Data Fig. 2d ).
Ciliogenesis defects in mir-34/449 TKO mice
Mature miR-34/449 miRNAs were enriched in organs containing motile cilia, including lung, brain, testis and female reproductive organs (Extended Data Fig. 3a ). We specifically detected and quantified individual miR-34/449 miRNAs using single knockout and TKO controls ( Fig. 2a and Extended Data Fig. 3b , c). In situ hybridization revealed high-level miR-34/449 expression in respiratory epithelia, with miR-34a being expressed broadly in multiple cell types, and mir-34c or miR-449c being enriched specifically in airway MCCs ( Fig. 2a and Extended Data Fig. 3d ).
A major symptom of PCD is dysfunctional airway clearance 16, 17 . Defective mucociliary clearance in mir-34/449 TKO mice, along with the MCC-specific miR-34/449 expression, prompted us to examine the roles of miR-34/449 in airway MCCs. High-speed imaging revealed a slow and limited fluid movement in TKO tracheal explants, accompanied by a significant reduction of visibly ciliated MCCs ( Fig. 2b and Supplementary Video 2). This contrasts the effective anteriorward fluid flow in wild-type and DKO tracheal explants ( Fig. 2b and Supplementary Videos 2 and 3).
The decrease of visible MCCs in TKO tracheas could reflect defective cell fate specification or ciliogenesis. We analysed mir-34a 2/2 ; mir-449 2/2 DKO and TKO tracheas for Foxj1, a master regulator of motile ciliogenesis 24 , and acetylated a-tubulin (Ac-a-tub), a cilia marker. Both DKO and TKO tracheas had Foxj1 immunofluorescence staining and Foxj1 mRNA levels comparable to wild-type controls ( Fig. 2c and Extended Data Fig. 3e ). Nevertheless, a portion of Foxj1-positive cells lacked cilia in TKO tracheas, yet most Foxj1-positive cells were fully ciliated in DKO and wild-type tracheas ( Fig. 2c , and data not shown). This suggests normal cell fate specification with defective ciliation in mir-34/449deficient MCCs. Scanning electron microscopy supported this finding, revealing a significant reduction in cilia length and number per MCC in TKO, but not in DKO and wild-type tracheal epithelia ( Fig. 2d and Extended Data Fig. 3f ). Notably, TKO MCCs displayed a spectrum of ciliation phenotypes (non-ciliated, partially or fully ciliated; Fig. 2d ), possibly due to the mixed genetic background.
MCC ciliogenesis is characterized by the multiplication of basal bodies, which, after docking to the apical membrane, act as microtubuleorganizing centres to assemble motile axonemes 25, 26 . We stained TKO tracheas with antibodies against Ac-a-tub and c-tubulin (c-tub) to visualize cilia and basal bodies of MCCs, respectively. Consistent with previous observations, Ac-a-tub staining was greatly decreased in TKO tracheas, yet the percentage of c-tub-enriched MCCs remained normal ( Fig. 3a and Extended Data Fig. 4a, b ). Air-liquid interface (ALI) culture of primary TKO tracheal epithelia yielded a similar observation (Extended Data Fig. 4c ). Thus, basal body multiplication occurred normally in miR-34/449-deficient MCCs following MCC cell fate specification, yet cilia formation was impaired.
Impaired basal body docking in mir-34/449 TKO MCCs
Basal body docking to the apical MCC membrane is essential for proper ciliogenesis 25, 26 . In mir-34a 2/2 ; mir-34b/34c 2/2 DKO MCCs, c-tub staining was apically localized, indicating normal basal body docking ( Fig. 3b ). In contrast, c-tub staining was diffuse in TKO tracheal MCCs and ALI culture, suggesting defective basal body docking to or stabilization at the apical membrane ( Fig. 3b and Extended Data Fig. 4d ). Transmission electron microscopy revealed well-aligned basal bodies at the apical membrane of wild-type and DKO MCCs (Extended Data Fig. 4e ). Yet in TKO MCCs, a significant percentage of basal bodies were mislocalized to the cytoplasm and unable to grow cilia, and those apically docked generally formed shorter cilia ( Fig. 3c, d ). The extent of ciliation defects correlated well with basal body docking defects, suggesting aberrant basal body docking as a key mechanism for impaired ciliation (Fig. 3d ). Defective ciliation and basal body docking in TKO MCCs also correlated with a disturbed apical actin organization (Extended Data Fig. 4f ). Despite defective basal body docking in TKO MCCs, the structural components of basal bodies, either apically docked or mislocalized, remained largely intact (Extended Data Fig. 5a, b ). Although axoneme structure was unaffected in TKO MCCs, basal body orientation and ciliary axoneme directionality exhibited mild defects (Extended Data Fig. 5c, d) , which, in combination with the ciliation defects, probably evoked a strong mucociliary clearance phenotype.
miR-34/449 functions in Xenopus MCCs
Mammalian and Xenopus miR-34/449 miRNAs are not only conserved in sequence 14, 15 , but also in MCC-specific expression and ciliogenesis 10 .
As a mucociliary epithelium, the Xenopus embryonic epidermis resembles mammalian airway epithelia in MCC development and function 27 . As in mouse, knockdown of Xenopus miR-34a/34b/449a by morpholino (MO) injection (miR-34/449 MOs) reduced cilia number and length in tadpole epidermal MCCs (Fig. 4a, b ). No obvious defects in embryonic development, hydrocephalus, MCC cell fate specification or other cell type specification were observed (Extended Data Fig. 6a-f ). In miR-34/ 449 morphants, a significant portion of MCCs were either partially ciliated (. 50%), or devoid of cilia (29% 6 17%), with frequent, unorganized subapical Ac-a-tub enrichment indicating defective basal body docking 28 (Fig. 4b ). Consistently, basal bodies detected by c-tub or Sas6-GFP 29 exhibited irregular distribution and frequently failed to form cilia in miR-34/449-deficient MCCs ( Fig. 4c and Extended Data Fig. 6g ).
miR-34/449 miRNAs directly repress cp110 in MCCs
The miR-34/449 increase during MCC differentiation 30 predicts a decrease of functionally important targets, which invariably contain miR-34/449 binding site(s) in the 39 untranslated region (39 UTR) 31, 32 . We analysed published gene expression profiles of tracheal MCCs during differentiation 30, 33 , then selected 57 potential miR-34/449 targets for quantitative polymerase chain reaction with reverse transcription (qRT-PCR) validation in DKO and TKO tracheas, and finally narrowed down to those with important ciliogenesis functions (Extended Data Table 1 ). Cp110 emerged as a strong candidate, containing two miR-34/449 binding sites (Extended Data Fig. 7a ) and exhibiting miR-34/449-dependent repression in vivo and in luciferase assays (Fig. 5a, b and Extended Data Fig. 7b , c).
Cp110 is a distal centriolar protein suppressing primary cilia assembly 18, 19 . Aberrant Cp110 retention in mother centrioles is correlated with impaired basal body docking 34 . In addition to its well-characterized roles in primary cilia, Cp110 is also implicated as an important regulator of motile ciliogenesis 35, 36 .
mir-34/449 and cp110 are conserved in mice and frogs. Xenopus cp110 contains one predicted miR-34/449 binding site (Extended Data Fig. 7d ), suggesting a selective pressure to preserve miR-34/449-cp110 regulation. miR-34/449 and cp110 levels are inversely correlated during MCC 
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differentiation in Xenopus; and cp110 mRNA was derepressed in miR-34/449 morphants (Extended Data Fig. 7e , f, g). Strikingly, cp110 knockdown in miR-34/449-deficient MCCs significantly rescued ciliation defects ( Fig. 5c and Extended Data Fig. 8a, b) .
We subsequently examined, in control and miR-34/449 morphants, the localization of Centrin4 (ref. 37) , an important basal body component whose loss-of-function causes a PCD-like phenotype 38 . Although strong Centrin4 foci were enriched apically in controls, these foci significantly decreased in intensity and failed to localize to the apical membrane of miR-34/449-deficient MCCs ( Fig. 5d and Extended Data Fig. 8c ). These findings demonstrated defective basal body docking and decreased basal body incorporation of Centrin4 in miR-34/449-deficient MCCs, both of which were rescued by co-injection of cp110 MO (Fig. 5d ).
Consistently, cp110 overexpression generally phenocopied miR-34/ 449 knockdown, causing impaired ciliation and decreased Centrin4 incorporation into basal bodies, without affecting MCC cell fate specification or apical actin organization ( Fig. 5c and Extended Data Fig. 8b, d , e and 9a). cp110 with a 39 UTR deletion exhibited a stronger phenotype than fulllength cp110, suggesting cp110 repression by miR-34/449 even during overexpression (Extended Data Fig. 7d and 8b, d) . Surprisingly, cp110 MO injection alone also gave rise to reduced cilia number and length, and aberrant basal body aggregation in MCCs ( Fig. 5c and Extended Data Fig. 8a, b and 9b ). Thus, miR-34/449 miRNAs mediate precise Cp110 regulation during vertebrate MCC ciliogenesis (Fig. 5e ).
Discussion miR-34/449 represent the first non-coding RNAs whose deficiency causes a PCD-like airway and fertility phenotype. miR-34 miRNAs have been mostly characterized as p53 targets that elicit multiple tumour suppressor effects 20, 39 ; yet the MCC-specific miR-34/449 expression and functions are likely p53-independent (data not shown). Although most characterized PCD mutations affect structural components of the ciliary axoneme 17, 40 or basal body structure 41 , miR-34/449 miRNAs regulate ciliogenesis by promoting basal body maturation and docking without affecting overall basal body structure. Interestingly, redundant miR-34/ 449 miRNAs are not functionally equivalent in mice. One mir-34b/34c or mir-449 allele is sufficient for proper MCC ciliation; two intact mir-34a alleles in mir-34b/34c 2/2 ; mir-449 2/2 DKO mice still yield clear respiratory and fertility phenotypes (data not shown). Distinct roles of miR-34/449 miRNAs could reflect differential expression rather than target specificities.
In a previous study, miR-449 inhibition alone caused defective ciliogenesis by derepressing Notch1 and Dll1 (ref. 10 ). Yet normal MCC specification in miR-34/449-deficient MCCs suggest that Notch pathway components, with well-characterized roles in regulating MCC specification 42, 43 , may not act as key miR-34/449 targets in motile ciliogenesis. Here we provide molecular and functional evidence demonstrating cp110 as a major miR-34/449 target. Cp110 levels have to be tightly regulated spatially and temporally during ciliogenesis; and proper Cp110 removal from mother centrioles is essential for ciliation 19 . Previous studies mostly focused on ubiquitin-mediated proteasomal degradation of Cp110 (refs 44, 45) . Our study reveals the important post-transcriptional regulation of Cp110 by miR-34/449. Although MCC-enriched miR-34/449 miRNAs repress cp110 to facilitate ciliation, other miRNAs (for example, miR-129) repress cp110 expression in other cell types to regulate ciliogenesis of primary or motile mono-cilia 36 . Thus, ciliogenesis 
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is controlled by downregulation of cp110 through distinct miRNAs in distinct cell types. For miRNAs, their small size and imperfect target recognition facilitate regulation of multiple mRNA targets. Here, cp110 knockdown restored basal body maturation/docking and ciliogenesis in miR-34/ 449-deficient MCCs; however, additional miR-34/449 targets probably exist to regulate the organization of the apical actin cytoskeleton in MCCs.
Mucociliary epithelia are morphologically and functionally conserved among vertebrates 27 . Our findings demonstrated a conserved mechanism that regulates basal body maturation and docking in MCCs by miR-34/449-dependent fine-tuning of Cp110 levels. This mechanism could have profound implications for the underlying mechanisms disrupted in patients with PCD-like syndromes.
METHODS SUMMARY
Detailed information on the following methods can be found in the full Methods: mouse breeding and monitoring, histological analyses, qRT-PCR, in situ hybridization (ISH), visualization of ciliary beating and mucociliary transport, immunoflurescence staining, scanning and transmission electron microscopy (SEM and TEM), western blotting and manipulation of Xenopus embryos.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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METHODS
Mouse breeding, genotyping and monitoring. mir-34a 2/2 ; mir-34b/34c 1/2 ; mir-449 2/2 intercross mating and mir-34a 2/2 ; mir-34b/34c 2/2 ; mir-449 1/2 intercross mating were both established to generate mir-34/449 triple knockout (TKO) mice. TKO mice were generated on a mixed genetic background containing C57BL/6, 129 and CD1, and were subsequently backcrossed to C57BL/6 for at least four generations. All mice were housed in a non-barrier animal facility at UC-Berkeley. The following primers were used for genotyping, with parenthetical values indicating the size of the diagnostic PCR product: mir-34a-Common-R, ACTGCTGTACCC TGCTGCTT, with mir-34a-WT-F, GTACCCCGACATGCAAACTT (wild-type band, 400 bp), or mir-34a-KO-F, GCAGGACCACTGGATCATTT (KO band, 263 bp); mir-34b/34c-Common-R, GAGATTTTCGTGGCGCTTTA, with mir-34b/34c-WT-F, GCCTCCTGTGAATCGTCATT (wild-type band, 264 bp), or mir-34b/34c-KO-F, GCGGCCGCATAACTTCGTAT (KO band, 155 bp); . mir-449-Common-R, AC ATCCCCAAGATATCCCA, with mir-449-WT-F, GTATCCACGCCACCACA (wild-type band, 724 bp), or mir-449-KO-F, GAGTTTTCTGGGCTTGCC, (KO band, 406 bp). Litters were monitored daily for the first 60 days for survival, and their body weight was measured every other day for the first 30 days. The sound wave analyses were performed using audios that recorded the TKO phenotypes (Supplementary Video 1), and respiratory sound was analysed using Audacity. Histological analyses. Tissues were dissected and fixed overnight in 10% neutral buffered formalin, pH 7.4 (NBF) (Fisher Scientific, #SF100-4), processed by standard procedures, and embedded in paraffin blocks. All the blocks were sectioned at 10 mm, and slides were stained by hematoxylin and eosin (H & E). In this analysis, lungs were inflated via trachea with 10% NBF before fixation; and sinuses were processed by post-fixation decalcification for 5 to 10 days in 10% EDTA, pH 7.0. qRT-PCR. Total RNA was isolated by TRIzol (Invitrogen, #15596) from tracheal epithelium per the manufacturer's protocol, and treated with DNase I (Invitrogen, #18068) to remove DNA contamination. For quantitation of mRNAs, TRIzol prepared RNA was reversely transcribed into cDNA using SuperScript III reverse transcriptase (Invitrogen, #18080) with random primers. SYBR Green-based qPCR was subsequently performed on a 7900HT real-time PCR system (Applied Biosystems) using cDNA as template. The Gapdh-encoding transcript was used as an endogenous control in each qPCR. The following qPCR primers were used in this study, with parenthetical values indicating the size of the diagnostic PCR product: Cp110-F: TCTCCACTGCTTACCATTGA, and Cp110-R: GTAAATGGTTTCTGTTGC CC (195 bp); Foxj1-F: CTCCTATGCCACTCTCATCT, and Foxj1-R: GGATGGA ATTCTGCCAGGTG (137 bp); Gapdh-F: AACTTTGGCATTGTGGAAGG, and Gapdh-R: CACATTGGGGGTAGGAACAC (222 bp). Four independent groups of mice were collected for qRT-PCR quantitation of Cp110 and Foxj1. Each group contained a TKO mouse, an age-matched wild-type mouse, and a littermate-controlled DKO mouse (mir-34a 2/2 ; mir-34b/34c 2/2 or mir-34a 2/2 ; mir-449 2/2 ). For Xenopus laevis qRT-PCR, cDNA was generated from total RNA extracts of skin explants using iScript reverse transcription supermix (BioRad, # 170-8840); and the following qPCR primers were used: Foxj1-F: CCAGTGATAGCAAAAGAGGT, and Foxj1-R: GC CATGTTCTCCTAATGGAT; Cp110-F: AGCCAGAATCCAAGTAAAGG, and Cp110-R: CTTGCTTCTTTTCAGCAGTC; EF1a-F: CCCTGCTGGAAGCTCTT GAC, and EF1a-R: GGACACCAGTCTCCACACGA; ODC-F: GGGCTGGATC GTATCGTAGA, and ODC-R: TGCCAGTGTGGTCTTGACAT. Reactions were performed on a BioRad CFX96 Real-Time System C1000 Touch.
For miRNA quantitation, TRIzol prepared total RNA was poly (A)-tailed by Poly (A) Polymerase (Epicentre, #PAP5104H). Poly (A)-tailed small RNA was reversely transcribed into small RNA cDNA with SuperScript III reverse transcriptase (Invitrogen, #18080) using miRNA RT primer (59-CGAATTCTAGAGCTCGAGGCA GGCGACATGGCTGGCTAGTTAAGCTTGGTACCGAGCTCGGATCCACTA GTCCTTTTTTTTTTTTTTTTTTTTTTTTTVN-39). V is A, G or C; N is A, G, C or T. TaqMan-based qPCR was subsequently performed on a 7900HT fast realtime PCR system (Applied Biosystems). The U6 snRNA was used as the endogenous control for miRNA real-time qPCR analyses. Universal TaqMan probe, CT CGGATCCACTAGTC; Universal reverse primer, CGAATTCTAGAGCTCGAG GCAG. The following forward primers, specific for each small RNA, were used in our studies: miR-34a, TGGCAGTGTCTTAGCTGGTTGT; miR-34b, AGGCAG TGTAATTAGCTGATTGT; miR-34c, AGGCAGTGTAGTTAGCTGATTGC; miR-449a, TGGCAGTGTATTGTTAGCTGGT; miR-449b, AGGCAGTGTTGTTAG CTGGC; miR-449c, AGGCAGTGCATTGCTAGCTGG; and U6 snRNA, CGCA AATTCGTGAAGCGTTCC. For Xenopus miRNA quantitation the following primers were used: U6 snRNA: ATGTGAAGCGTTCCATATGA; miR-34a: TGGCA GTGTCTTAGCTGGTTGTT; miR-34b: CAGGCAGTGTAGTTAGCTGATTG; miR449c: TGCACTTGCTAGCTGGCTGT. Statistical evaluation was performed using a paired t-test. In situ hybridization (ISH). Standard histology protocols were used to prepare P25 lung and trachea section for miRNA ISH using diethylpyrocarbonate (DEPC) treated water for all procedures. After deparaffinization and rehydration, slides were fixed with 4% paraformaldehyde (PFA), treated with proteinase K, and fixed again with 4% PFA. Slides were incubated first with pre-hybridization solution (3 to 4 h at 60 uC), and then with hybridization solution mixed with digoxigenin (DIG)-labelled LNA probes against each miR-34/449 miRNA (16 h at 60 uC). Post hybridization, slides were washed for 10 min at 60 uC in a graded series of SSC solutions (23, 1.53, 0.23), then incubated with alkaline phosphatase (AP)-conjugated anti-DIG antibody in blocking solution. After washing with PBS and alkaline phosphatase (AP) buffer, the slides were incubated with NBT/BCIP in AP buffer to visualize blue ISH signals. Nuclear fast red (Sigma, #N3020) was used for nuclear counter-staining. Slides then were dehydrated and mounted with Permount (Fisher Scientific, #SP15-100). Solutions for ISH (BioChain #K2191020) as described above. DIG-labelled miR-34a (ACAACCAGCTAAGACACTGCCA), miR-34c (GCAATCAGCTAACTAC ACTGCCT), and miR-449c (CCAGCTAGCAATGCACTGCCT) probes were purchased from Exiqon (#38487-01, #38542-01, and #39641-01 respectively). For Xenopus laevis ISH, embryos were fixed in MEMFA at the indicated stages, and standard protocols were used for ISH and bleaching of embryos 46 . Foxj1 antisense probe 24 was synthesized using SP6 polymerase (Promega, #P1085). Whole mount ISH was performed on groups of 25 control and manipulated specimens per time point and batch, which were derived from two different mothers. Visualization of ciliary beating and mucociliary transport. Trachea from adult mouse was cut into 2 mm 3 2 mm pieces under dissection microscope. Trachea pieces then were transferred into the chamber on a glass slide, which was made by placing a 0.5-mm sticky spacer (Bio-Rad, #SLF-1201) on the slide surface. The chamber was filled with 100 ml M199 Hank's balanced salts medium (Invitrogen, #12350-039) mixed with 1 ml red fluorescent 0.5-mm microspheres (Invitrogen, # F-8812); and a coverglass was placed on the sticky spacer to seal the chamber. Live images of the tracheal epithelium were recorded with a high-speed GX-1 Memrecam camera (NAC Image Technology) attached to an Olympus IX71 microscope. DIC channel was used to record multiciliary beating, and the red fluorescent channel was used to record mucociliary transport. Videos were recorded at 250 frames per second (FPS) for 8 s, and are played at 250 FPS in Supplementary Videos 2 and 3. ImageJ was used to process and analyse raw images ( Supplementary Videos 2 and 3) . Immunofluorescence staining and confocal imaging. For immunofluorescence staining on cryosections, whole tracheas of adult mice were fixed overnight in icecold acetone, and then processed through a graded series of sucrose solutions (from 5% to 20%, Fisher Scientific, #S5-500). Tracheas were embedded in (1:1) 20% sucrose and O.C.T. compound (Tissue-Tek, #4583) and sectioned with MICROM HM 550 (Fisher Scientific) at 221 uC at a thickness of 6 mm. Slides were washed in PBS (33, 15 min), blocked (1 h at room temperature) in PBSTB (0.1% Triton X-100, 1% bovine serum albumin in PBS), and incubated (overnight at 4 uC) with primary antibodies (1:400, anti-Foxj1, Sigma HPA005714; 1:1000 anti-acetylated-a-tubulin, Sigma T6793). Sides then were washed three times in PBST (0.1% Triton X-100 in PBS) and incubated (1 h at room temperature) with secondary antibody (1:1000, Cy3-goat-anti-mouse, Molecular Probes A10521 or 1:500 Alexa Fluor 488 goat antirabbit, Molecular Probes A11034). Slides were mounted with VECTASHIELD mounting medium with DAPI (Vector Laboratories, #H-1200). Images were taken with a Zeiss LSM 710 AxioObserver inverted 34-channel confocal microscope and analysed with Zeiss Zen software.
For whole trachea staining, tracheas were cut longitudinally into two pieces, which were fixed either in 80% methanol (EMD, #MX0485P-4) with 20% DMSO (Fisher Scientific, #BP231-100) (overnight at 220 uC), or in 4% paraformaldehyde (PFA) (overnight at 4 uC), respectively. Fixed tissues were washed and blocked as described above, and then incubated (overnight at 4 uC) with primary antibodies (1:500 anti-c-tubulin, Sigma T5192 for the methanol fixed tissue; 1:400 anti-Foxj-1, Sigma HPA005714 and 1:1000 anti-acetylated-a-tubulin for the PFA fixed tissue). Tissue then was washed, incubated with secondary antibody, counterstained with DAPI, and imaged as described above.
For Xenopus laevis MCC staining, immunofluorescence was performed on wholemount embryos and skin explants fixed at embryonic stages 30-33 (unless specified otherwise) in 4% paraformaldehyde for 1-2 h at room temperature 47 or in Dent's fixative (80% methanol, 20% dimethylsulfoxide) for 48 h at 220 uC. Embryos were processed according to standard procedures 46 . Morphological analysis of cell types was performed as previously described 48 . Primary antibodies were as follows: mouse monoclonal anti-acetylated-a-tubulin (1:700; Sigma T6793); rabbit polyclonal antic-tubulin (1:500; Sigma T5192). Secondary antibodies (1:250) were as follows: AlexaFluor 488-labelled goat anti-mouse antibody (Molecular Probes A11001), AlexaFluor 555-labelled goat anti-mouse antibody (Molecular Probes A21422), AlexaFluor 555-labelled goat anti-rabbit antibody (Molecular Probes A21428) and AlexaFluor 405-labelled goat anti-mouse antibody (Molecular Probes A31553). Actin staining was performed by incubation (30-60 min at room temperature) with AlexaFluor 488-labelled Phalloidin (1:40; Molecular Probes A12379). Z-stack analysis and processing were performed using ImageJ and Zeiss ZEN software. All confocal imaging was performed using a Zeiss LSM700.
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Scanning electron microscopy (SEM). Adult trachea tissue was fixed using Karnovsky's fixative in 0.1 M sodium phosphate buffer (Sorenson's), washed with Sorenson's sodium phosphate buffer and post-fixed using 1% OsO 4 in Sorenson's for 1 h. Tissue was dehydrated by passaging through a graded series of ethanol solutions, then critical point dried using a Tousimis 931 super critical point dryer. The tissue was mounted on aluminium stubs and sputter coated with gold using a PELCO SC-7 coater. The samples were viewed on an FEI XL30 TMP SEM and digital images were collected. SEM was performed in the electron microscopy facility of the University of California at Davis. Transmission electron microscopy (TEM). Adult trachea tissue was fixed, washed, and post-fixed as for SEM. After rinsing in double-distilled water (DDW), the tissue was incubated (30 min at room temperature) in 0.1% tannic acid, rinsed again in DDW, and incubated (1 h) in 1% uranyl acetate in DDW. Tissue was dehydrated by passaging through a graded series of acetone solutions, then infiltrated and embedded in an epoxy resin mixture. Survey thick sections were cut, and ultra-thin sections of the selected areas were generated with a diamond knife (Diatome). The thin sections were picked up on copper grids and stained with uranyl acetate and lead citrate before viewing on a Philips CM120 Biotwin. Micrographs were taken with a Gatan MegaScan Model 794/20 digital camera. TEM analyses with longitudinal and transverse sections were performed in the electron microscopy facility of the University of California at Davis. ImageJ was used to measure the distance between basal bodies and apical surface in TEM pictures, and Oriana was used to analyse the directionality of ciliary axonemes. The following criteria were used to determine multiciliated cells (MCCs) and their apical surface in longitudinal TEM. Cells containing basal bodies in tracheal epithelium were defined as MCCs. For ciliated MCCs, the surface with intact view from ciliary axoneme to basal body was determined as the apical surface; and for non-ciliated MCCs, the surface with microvilli was determined as the apical surface. Air-liquid interface (ALI) culture of primary tracheal epithelia. Primary tracheal epithelial cells were cultured as described previously 49 . In short, tracheas from three adult mir-34/449 mutant mice of the same genotype (,P60) were dissected and cut longitudinally in ice-cold Ham's F-12 medium (Life Technologies, #11765-054) with penicillin/streptomycin (Life Technologies, # 15140-163). To isolate epithelial cells, tracheas were incubated in 1.5 mg ml 21 pronase (Roche Diagnostics, #101659 21001) in Ham's F-12 media overnight at 4 uC. We stopped the tracheal pronase digestion by adding fetal bovine serum (FBS, Omega Scientific, #FB-01) to a final concentration of 10%. The tracheas were washed twice in ice-cold fresh Ham's F-12 media with 10% FBS. Tracheal epithelial cells were then pelleted by pooling the pronase digestion and washes for centrifugation at 400g for 10 min at 4 uC. The pelleted cells were treated by DNase I (Sigma, #DN25), resuspended in 1 ml FBS, then plated in 9 ml pre-warmed basic medium (BM), which contained 1:1 DMEM: Ham's F-12 (Life Technologies, #11330-032), penicillin/streptomycin, 1.5 mM glutamine (Life Technologies, #25030-149), 0.03% sodium bicarbonate (Life Technologies, #25080-094), and 0.1% fungizone (Life Technologies, #15290-018)). Fibroblasts were depleted by a 4 h incubation at 37 uC, after which the tracheal epithelial cells were plated on trans-wells (Corning, #3470) in 24-well plates in proliferation medium, which contained BM with 5% FBS, 25 ng ml 21 epidermal growth factor Extended Data Figure 1 | The generation and phenotypic characterization of mir-34/449 TKO mice. a, miR-34/449 miRNAs are evolutionarily conserved with extensive sequence homology across many species. miR-34a has a more ancient evolutionary history compared to the rest of miR-34/449 miRNAs. miR-34a is conserved in Deuterostome, Ecdysozoa and Lophotrochozoa, yet the rest of miR-34/449 miRNAs have only vertebrate homologues. b, Diagrams of the targeted deletion strategy to generate mir-449 knockout mice. Since all mir-449 miRNAs are within intron 2 of their host gene, cdc20b, we deleted mir-449 with a minimally predicted impact on cdc20b. c, miR-449 expression is absent in mir-449 2/2 knockout animals, as demonstrated by real-time PCR analyses in lung tissues from littermatecontrolled wild-type and mir-449 2/2 mice at postnatal day 35 (n 5 3). miR-449a real-time PCR primers exhibit a modest cross-reaction with miR-34 miRNAs. d, mir-34/449 TKO mice have a significant postnatal attenuation in body weight. Littermate-controlled mir-34a 2/2 ; mir-34b/34c 2/2 , mir-34a 2/2 ; mir-34b/34c 2/2 ; mir-449 1/2 and TKO mice were monitored for their body weight every other day for 30 days after birth. Paired t-test, ***P , 0.001. e, Surviving mir-34/449 TKO mice exhibit coughing/sneezing-like phenotype. The respiratory noise of littermate-controlled mir-34a 2/2 ; mir-449 2/2 DKO and TKO mice was shown by sound wave analysis at postnatal day 30 (n 5 14). f, Pulmonary inflammation occurs in a subset of mir-34/449 TKO mice. A representative H&E analysis of lung tissues from an adult TKO mouse indicates an increased infiltration by inflammatory cells. A total of 3 out of 15 TKO mice examined exhibit lung infection. g, mir-34a 2/2 ; mir-34b/34c 2/2 DKO mice resemble wild-type mice, exhibiting no obvious respiratory defects in paranasal sinus or lung (n 5 3). All error bars represent s.e.m. Using real-time PCR, the expression of miR-34a, miR-34c and miR-449c was measured in multiple tissues from newborn, P10, P20 and adult wild-type mice. Both miR-34c and miR-449c are exclusively expressed in tissues with motile cilia, whereas miR-34a exhibits a broader expression pattern (n 5 3). b, The real-time PCR assay for each miR-34/449 miRNA specifically detects the corresponding miRNA. The specificity of each miRNA real-time PCR assay was validated using testis RNA from wild-type (WT), mir-34a 2/2 , mir-34b/ 34c 2/2 , mir-449 2/2 , and TKO mice at postnatal day 35. The miR-449a assay shows a slight cross reaction with homologous miRNAs (n 5 3). c, In situ hybridization of each miR-34/449 miRNA exhibits specific detection. No measurable miR-34/449 in situ signal is detected in TKO lung sections at postnatal day 25 (n 5 2). d, miR-34/449 miRNAs are enriched in tracheal MCCs. In situ hybridization analyses demonstrate that miR-34c and miR-449c are specifically expressed in the tracheal MCCs, whereas miR-34a is expressed in both tracheal MCCs and the surrounding cell types (n 5 2). e, mir-34/449 TKO mice do not exhibit significant alterations in Foxj1 expression. Quantification of Foxj1 positive cells (left, n 5 3) and Foxj1 mRNA (right, n 5 4) was performed for well-controlled wild-type, DKO and TKO tracheas, using immunofluorescence and real-time PCR, respectively. Paired t-test; ns, P . 0.05. f, mir-34a 2/2 ; mir-449 2/2 DKO tracheal epithelia are morphologically indistinguishable from wild-type controls in scanning electron microscopy (SEM) analyses (n 5 3). All error bars represent s.e.m. Fig. 5c . e, The number of MCC-fated cells in miR-34/449 or cp110 morphants, and embryos injected with cp110 DNA constructs is not reduced. Quantification of total MCC numbers (fully ciliated, partially ciliated or non-ciliated MCCs) is shown for frog embryos injected with various MOs/DNAs (corresponding to a, b, d and Fig. 5c ). Error bars represent s.d.
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